Human dental plaque samples were screened for the presence of bacteriophage for Actinomyces viscosus and Streptococcus sanguis. None of the 336 samples yielded phage for S. sanguis, but 10 contained virulent actinomyces phage. A high host cell specificity was observed in that one phage isolate infected only A. viscosus T14V, eight phage isolates infected only A. viscosus MG-1, and one infected both strains. None was capable of productively infecting various other actinomyces strains that represented the six actinomyces coaggregation groups. Because phage-containing samples occurred randomly in this survey, no correlation between the individual collecting the samples, dental clinic, or type of patient and the presence of phage in the sample was noted. Examination of one of the samples that yielded phage for the presence of a natural host strain for that particular phage resulted in the isolation of two strains which were identified as A. viscosus serotype II and Actinomyces naeslundii serotype I. This is the first report of an A. naeslundii host strain and actinomyces bacteriophage of human dental plaque origin. The finding of both phage and host strains in the same dental plaque sample along with the observation of high host cell specificity by these phage provide indicators that support an active role for actinomyces bacteriophage in oral microbial ecology. The use of these freshly isolated phage as probes to study actinomyces coaggregation properties is discussed.
Bacteriophage for actinomyces were found previously only in sewage (5) . Although many actinomyces have been tested as potential hosts, the four available phage productively infect a single strain, Actinomyces viscosus MG-1, a human oral isolate (19) . In that same study, we found that these phage bind irreversibly to several other actinomyces. In fact, their ability to bind to certain reagent actinomyces strains was used to probe the surface for structures that mediate coaggregation. Bacteriophage-resistant mutants of A. viscosus MG-1 were isolated and shown to be altered in cell-to-cell recognition patterns with streptococcal coaggregation partners (19) . The simultaneous loss of both the ability to bind phage and the ability to mediate certain coaggregations suggested that a common surface structure participated in both functions.
The potential utility of this approach prompted a search for new and different actinomyces phage. Human dental plaque was chosen as the source, and A. viscosus MG-1 was used as the indicator for the presence of phage. We report here the isolation of 10 phage and discuss their use in probing the actinomyces cell surface. Our studies with phage probes were conducted in an effort to uncover critical surface adhesins that are required for cell-cell or cell-solid surface interactions and that are involved integrally in the maturation of periodontal plaque.
MATERIALS AND METHODS Bacterial strains and bacteriophage. A. viscosus strains MG-1 (5), T14V (4), PK455 (10) , PK455-2 (obtained from John Cisar of the National Institute of Dental Research), PK1603, PK1643, PK1610, PK1623, PK1632, PK1648, PK1657, and PK1662 (19) , Actinomyces naeslundii strains ATCC 12104, I, PK947, PK606, PK954, and PK990, Actinomyces sp. strain WVa-963 VPI D33C-25 (PK1259), and Streptococcus sanguis DL1 (Challis) (4, (13) (14) (15) were grown in TYNP medium as described earlier (19) . Phage * Corresponding author.
AV-1, AV-2, AV-3, and 1281 are of nonoral (sewage) origin and have been described previously (5, 19, 20) . Bacteriophage AV-1 was propagated in A. viscosus MG-1. Phage titers were determined by the soft-agar overlay method (1) .
Reconstruction experiments. To test the efficiency of our selection procedure for isolating new actinomyces phage, we examined a reconstruction of the experimental design by using phage AV-1. Of particular importance was , efficiency of detection of phage in diluted samples of phage stocks in transport medium, effect of particulate and biological materials in human dental plaque on phage viability, and ability to detect phage after membrane filtration of phagedental plaque suspensions. Phage stability was tested by incubating diluted (1 to 50 phage per 5 ,ul of transport medium) phage suspension at room temperature for 24 h and at 4°C for 7 days, conditions that approximated those used in the dental plaque collection regimen (see below). Phage viability was determined by spotting a portion of phage suspension onto a top-agar overlay plate containing A. viscosus MG-1, incubating it at 33°C for 24 h, and examining the spotted area for lysis of the indicator bacterium. Testing the effect of dental plaque material on phage viability was done by incubating pooled dental plaque from all surfaces of teeth in all quadrants of two individuals along with 200 AV-1 phage in 100 ,l of transport medium. After 1 h at room temperature, the mixture was centrifuged at 6,500 x g for 10 min, and the phage titer in the supernatant was determined. The effect of membrane filtration was monitored with a 0.45-R,m-pore-size Durapore filter (Millipore Corp., Bedford,
Mass.).
Collection and processing of human dental plaque samples. A 250-,u volume of transport medium in 500-,u polypropylene microfuge tubes (Beckman Instruments, Inc., Palo Alto, Calif.) was sterilized by autoclaving. The tubes were given to dental hygienists at the National Institute of Dental Research dental clinic and the Commissioned Officers Dental Clinic, National Institutes of Health, and were dispensed to students at Georgetown University School of Dentistry. Tubes were kept at room temperature until dental plaque was added and then were stored at 4°C. Dental plaque that was removed from patients during routine scaling and root planing procedures was added to tubes containing sterile transport medium. The plaque was a mixture of supraand subgingival plaque from all quadrants and surfaces. Tubes containing plaque were picked up once a week for processing. Each sample was vortexed vigorously for 60 s and centrifuged at 6,500 x g for 10 min. The supernatant fluid was passed through a 0.45-,um-pore-size Durapore filter, and 5 ,l of each filtrate was spotted onto brain heart infusion (BHI) agar plates (Difco Laboratories, Detroit, Mich.; 1.5% agar) with top-agar overlays containing A. viscosus MG-1 or S. sanguis DL-1. In addition, 140 of the 336 samples were tested with A. viscosus T14V. Plates were incubated under anaerobic conditions at 33°C and examined after 24 h for lysis zones. When a lysis zone was detected, the top agar in that area was scraped from the plate, added to 500 RI of TYNP broth containing 0.05% Tween-20, and vortexed. The tubes were left for 1 h at room temperature to allow for elution of phage from the agar. After centrifugation, the supernatant fluid was filtered, diluted, and plated to obtain individual plaques. Phage was purified by three successive transfers and serial dilution of an eluate of an individual plaque.
The first five patients whose plaque was positive for actinomyces phage were recalled, and a second, and in one case a third, dental plaque sample was taken and examined for the presence of phage.
Field controls were also conducted. Phage AV-1 was added to some of the transport tubes (final concentration, 15 phage per 5 RI). Individuals collecting dental plaque were instructed to include one control tube for each week of the study (total length of study, 6 weeks). In addition to adding dental plaque from a patient to a tube containing transport medium, they put dental plaque from that patient into a control tube containing phage AV-1. The identity of the control tube was not made known to the investigator processing the sample until the results were tabulated.
Isolation of a human oral host strain. Dental plaque from one patient which was positive for the presence of actinomyces bacteriophage was serially diluted in TYNP broth and spread onto BHI agar plates. After 3 to 5 days of incubation at 33°C under anaerobic conditions, 100 colonies were selected, streaked onto BHI agar plates, and reincubated for 48 h. Each isolate was examined by two independent methods for its ability to serve as a host strain for phage isolated from that individual. With the spot-test lysis method, we tested each isolate as an indicator by adding cells to a top-agar overlay and spotting a 5-,1 portion of phage lysate onto each plate. The second method involved spreading half of each BHI agar plate with a suspension of phage. Each isolate was streaked onto the plates in a direction such that half of the streak was on agar containing phage and half was on agar without phage. MG-1 was streaked down the center of each plate as a control, because the phage used in this experiment had been isolated on this strain and thus was virulent for it. Putative host strains were purified and retested by the spot-test lysis method.
Host range. Each phage isolate was examined by the spot-test lysis method for its ability to lyse several actinomyces strains. If the potential host strain tested positive by the spot-test lysis method, then serial dilutions of the phage were plated with this host as indicator. The strains tested included representative strains for each of the six coaggregation groups of actinomyces (4, 13, 14) (Fig. 1) . Removal of potentially contaminating bacteria was achieved by membrane filtration. One concern was that phage might not be detected because they would be bound to the membrane filter or to the dental plaque particulate material, but filtration of dilute suspensions of AV-1 (20 phage per 10 pA) with or without addition of dental plaque showed no evidence of loss of phage (Fig. 2) Nine of the 10 phage were isolated with A. viscosus strain MG-1 as the indicator microorganism. The initial spotted area ranged in appearance from approximately 100 individual poorly defined plaques (Fig. 3A) to a fully clear lysis zone equal in area to that of the original 5-,ul spot (Fig. 3C) . In each case, an eluate of the lysis area produced a clear lysis zone on a top agar overlay of strain MG-1 (data not shown), and, in addition, was shown when serially diluted to be capable of producing individual plaques in an MG-1 lawn (Fig. 3B) .
Five phage-positive patients were resampled. The presence of virulent phage for strain MG-1 was found in four of the five cases. An example is shown in Fig. 3C classified into six coaggregation groups on the basis of their ability to coaggregate with oral streptococci were also tested as potential host strains. Actinomyces coaggregation group A, represented by A. viscosus strains MG-1 and T14V, was discussed above. None of the phage was virulent for coaggregation group B actinomyces, represented by A.
naeslundii strains I and ATCC 12104; group C, represented by A. naeslundii PK947; group D, represented by A. naeslundii PK606; group E, represented by A. naeslundii strains PK954 and PK990; or group F, represented by A. naeslundii PK1259 (data not shown). In several of the above cases, lysis zones were seen by using the spot-test lysis method. However, plating serial dilutions of the phage did not produce plaques. The cause of the lysis zones was not investigated further.
Identification and properties of two new host strains for oral actinomyces phage. A strain (CT1002) which will support the productive infection of bacteriophage CT1 was isolated from dental plaque of the same patient from whom the phage was isolated (strain 6, Fig. 4) . Based on the tests and the identification key outlined in the Anaerobe Laboratory Manual (8) and on fluorescent antibody reactions (kindly done by the staff at the Anaerobe Laboratory, Virginia Polytechnic Institute and State University, Blacksburg), this strain was identified as A. viscosus serovar II. It was not sensitive to infection by the other phage of dental plaque origin or by the phage of nonoral origin (Table 1) .
Another bacterial strain, CT1001, identified as A. naeslundii serovar I, was isolated from the same dental plaque sample as strain CT1002. A. naeslundii CT1001 did not support a productive infection by phage CT1 but was sensitive to infection by phage CT4 and CT5 (Table 1) . None of the other oral or nonoral phage infected CT1001.
Electron microscopy. An electron micrograph of phage CT2 (Fig. 5 ) revealed a structure similar in size and morphology to nonoral phage AV-1 (5) . The phage appeared to have a polyhedral head and a short tail.
DISCUSSION
Reports of bacteriophage which can infect oral bacteria are rare. Actinobacillus actinomycetemcomitans 651, a strain isolated from a juvenile periodontitis patient, contains a prophage (17) . Similarly, a prophage was found in Streptococcus mutans PK1 (7) . In both of the above cases, mitomycin C was used successfully to induce phage production. Virulent phage for Veillonella strains have been found in the oral cavity (16, 18) . In one study, examination of oral washings from 200 patients yielded 25 virulent phage for Veillonella strains. The phage were classified into two groups based on plaque morphology and serology. Observations under an electron microscope showed major differences-in morphology between the two groups (18) .
Perhaps the primary significance of this study is that actinomyces phage appear to be resident constituents of the oral cavity. Phage could be repeatedly detected in the dental plaque of individuals shown on the initial sampling to harbor phage. Besides phage, host strains for these phage were found. Because this was not an exhaustive study to detect either host strains or phage, it is probable that a more intensive investigation will reveal a larger number of both. Indeed, several investigators have observed phagelike particles in electron micrographs of dental plaque (2, 6, 9 (Table 1 ). This is the first A. naeslundii strain known to be a host for actinomyces phage. It was surprising that it was not infected by phage CT1, because both were isolated from the same dental plaque sample. However, this strain was a host for phage CT4 and CT5, which were obtained from two other samples. These observations suggest that if strain CT1001 was used in a similar screening for new phage in dental plaque, some of the samples would yield phage for CT1001.
Our observations indicate that specificity is clearly evident in host strains as well as in phage. Both of the new hosts and strain T14V supported productive infections by only one or at most two phage. The fourth host, MG-1, served as the indicator organism for the screening procedure and was infected by all but phage CT8, which was selected with T14V ( Table 1 and PK455-2 (lacks both type 1 and type 2 fimbriae), remain sensitive to the same phage (CT7 and CT8) that infect T14V (data not shown). Thus, the phage receptors on the actinomyces surface do not appear to be associated with either fimbriae. Moreover, phage bind equally well to heated and unheated cells, which indicates that the phage receptor is heat stable and which supports the observed indifference of the phage to heat-labile fimbriae.
One of the goals of this study was to increase the number of actinomyces phage available to use as probes for studies of cell surface coaggregation receptors. The variation in host range with respect to strains MG-1, T14V, CT1001, and CT1002 indicates that at least 5 of the 10 new phage isolates are not identical. None of the oral phage infected class II mutants of MG-1 (data not shown), which distinguishes them from the nonoral AV-1, AV-2, and 1281 (19) . Only AV-3 could be identical to the oral phage (CT2, CT3, CT6, CT9, or CT10), but this also is unlikely because there are subtle differences in plaque appearance and plaque development in the soft-agar overlay (unpublished observations).
Further studies with these oral and nonoral phage are directed at the nature of cell surface receptors on actinomyces. Of special interest is the relationship of cell surface structures to cell adhesion properties. For example, all four hosts are members of coaggregation group A, yet they were quite different in their phage sensitivity patterns (Table 1) , which in turn reflect variations in cell surface phage receptors. Phage can be used as probes to define these differences in the cell surfaces of each strain, and phageresistant mutants may be altered in the coaggregation pattern characteristic of coaggregation group A. In fact, phageresistant mutants of MG-1 were used to demonstrate differences in the cell surface of MG-1 and T14V (11) . It should be noted that actinomyces coaggregate with many other kinds of oral bacteria besides streptococci, including Bacteroides spp. (12) , Capnocytophaga spp. (10a), and some fusobacteria, veillonella, and selenomonads (P. E. Kolenbrander, R. N. Andersen, and L. V. Holdeman, unpublished data). Thus, bacteriophage-resistant mutants of any of these four actinomyces would be useful in the identification of these heretofore undetectable surface components that may have the dual function of phage receptor and mediator of coaggregation with one or more of the parental partners.
